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Abstract. A numerical model has been developed to study particulate fouling in 2D idealized metal 
foam heat exchangers based on sandstone and sawdust particles. The examination will serve as a 
stepping stone to better optimize heat exchanger designs. Micron sized poly-disperse sandstone and 
sawdust particles has been used in this investigation, with air as the continuous medium. The 
mechanism of deposition differs from particle type, sandstone particles showed a higher deposition 
propensity with a non-uniform layer of fouling whereas the lighter sawdust particles showed 
negligible deposition. The numerical results obtained through a coupled finite volume and discrete 
element method showed good agreement with the analytical pressure values obtained from the 
Darcy equation based on modified porosity of 80 – 100 %, whereas a modified Darcy equation 
yielded good agreement for porosity values less than 80%.  
Introduction 
The underlying principles that govern particle-laden flows in porous structures are complex and not 
well established in existing literature. This phenomenon is encountered in many engineering 
systems such as heat exchangers and porous combustors [1]. The global heat exchanger market 
reached USD $12.7 billion in 2012. Economic losses incurred due to heat exchanger fouling are 
about 0.25% of the gross domestic product (GDP) of industrialized countries [2,3]. Consequently, 
attention is given to develop novel, economical, and effective heat transfer and energy conversion 
technologies to maximize heat transfer performance whilst minimizing negative impact on the 
global economy and environment. Metal foam is one such technology that is gaining extensive 
popularity in many industrial sectors ranging from chemical process to aerospace industry. Key 
advantages of metal foams such as large surface to volume ratio and high strength make it versatile 
for various industrial applications [4]. Despite these advantages, metal foams are susceptible to 
particulate fouling which leads to increase in energy consumption and maintenance costs. Fouling 
can lead to increased pressure drop thereby increasing energy consumption and greenhouse gas 
emissions. Therefore, an accurate depiction of particle-laden flows that takes into account two- and 
four-way coupling is extremely important in order to carefully optimize heat exchanger designs. 
 
Several numerical studies on particle-laden flows were restricted to mono-disperse particles [5, 6, 7] 
However, most natural and engineering systems consist of multiphase flows based on poly-disperse 
particles [8]. Moreover, existing numerical studies on metal foams are mostly based on single phase 
flows. Hooman et al. [9] used analytical methods to examine the influence of fouling on the thermo-
hydraulic performance of a metal foam specimen, but the study assumes uniform particulate deposit 
layer which in reality is not always true. Sauret & Hooman [10] numerically studied the likelihood 
of particle deposition in idealized metal foam heat exchangers; however, particle-particle 
micromechanics weren’t considered, thereby misjudging the actual aggregation and deposition 
patterns.  A numerical assessment on heat transfer and pressure drop based on various 
morphological metal foam models shows that larger inlet velocities correspond to larger heat 
transfer coefficients but pressure drop increases [11]; however, the study doesn’t have a 
comparative assessment between aluminium, copper, or carbon foams; neither is multiphase flow 
considered. The addition of fins and foams in electronics cooling showed superior heat transfer 
characteristics [12] but the results were purely based on single-phase flows; no dust particles were 
considered. The discrete element method was used to capture the internal particle-fluid flow 
behaviour in a pneumatic conveyor bend, cyclone separator, and fluidized beds [13] but the studies 
are all based on non-porous channels.  
 
The goal of this work is to unravel the mechanisms of particle transport and deposition behaviour of 
poly disperse dust aerosols in idealized porous structures. OpenFOAM [14], a C++ open source 
computational fluid dynamics program will be used to perform this numerical investigation. 
Numerical Model and Computational Domain 
A snapshot of an aluminium metal foam specimen shown in Fig.1a depicts a dodecahedron like 
structure [15]. The aim is to study particle-fluid dynamics on pore scale prior to modelling a real 3D 
metal foam geometry on a macro scale. As such, an idealized metal foam heat exchanger shown in 
Fig. 1b will be used in this study; the circular obstruction walls represent the ligaments of 
aluminium metal foams. This geometry has a porosity of 90.46 % and is an approximate 
representation of real aluminium foam based on sample no.19 [16].  
 
(a)  (b) 
 
 
Fig. 1 (a) Aluminium foam specimen; dcell = cell diameter, dpore = pore diameter, p = ligament 
diameter [15] (b) computation domain of idealized metal foam heat exchanger and boundary 
conditions 
 
A soft-sphere discrete element method is used for the discrete phase (solid aerosols) and is based on 
a non-linear spring slider dashpot model that takes into account direct contacts between particles. 
The finite volume method is for the continuum phase (air). The Navier Stokes equations that govern 
incompressible air in metal foams at the pore scale [17] are based on Eq. 1 and Eq. 2, where  is the 
void fraction within a CFD cell, uf is the carrier fluid velocity, f  is the fluid density, Fpf is the 
volumetric particle-fluid interaction force,  is the fluid viscous stress tensor, g is gravitational 
acceleration. 
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The particles’ translational motion shown in Eq. 3 is governed by Newton’s second law. The 
cohesiveness of the particles is modelled by a linear cohesion model (Eq.4) that takes into account 
the cohesion energy density  [6], where, mi is the particle mass, Vi is the particle velocity, fcn is 
the normal contact force between particles i and j, fdn is the normal damping force, fct is the 
tangential contact force, fdt is the tangential damping force, fpf is the particle-fluid interaction force, 
FC.E.D. is the cohesive force, Acontact is the contact area between particle-particle or particle-wall. 
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Poly-disperse sandstone particles (density: 2600 kg/m3) and sawdust particles (density: 400 kg/m3) 
are introduced into the system based on a Gaussian particle size (normal) distribution with a mean 
of 35 µm and standard deviation of 10 µm. The coefficient of restitution of both particles are 0.5. 
The discrete phase is solved by explicit time integration method whereas the fluid velocity and 
pressure is solved using a combined P.I.S.O. and S.I.M.P.L.E. algorithm. The fluid phase and 
particle time step is set at 5 × 10-4 s and 5 × 10-6 s and the simulation is run to 1.00 s to comply with 
Courant number and Rayleigh number. Particles are injected at 0.15 s. The simultaneous execution 
of both solvers is essential to achieve coupling between the solid and gas phases. This finite volume 
method and discrete element method coupling is necessary in order to capture the particle to fluid, 
fluid to particle (two-way), particle-particle, and particle-wall (four-way) interactions throughout 
the transient simulations.  The two cases are shown in Table 1. 
 
Table 1 Numerical simulation case studies 
Case Particle Particle Density [kg/m3] Inlet Air Velocity [m/s] 
SS (Sandstone) Sandstone 2600 0.1 
SD (Sawdust) Sawdust 400 0.1 
 
Results and Discussion 
The results depicting particle transport and deposition in the idealized geometry are illustrated in 
Figs. 2 and 3. The deposition fraction is calculated as the ratio of the number of deposited particles 
at any time to the total number of particles injected into the domain. The particle with a zero 
velocity magnitude represents a deposited particle. Case SS (Fig. 2) shows significantly more 
particle deposition and aggregation than Case SD (Fig. 3). The higher deposition fraction in Case 
SS results in a higher pressure drop. Due to the different particle sizes being injected into the 
domain at every time step, the height of the fouling layer varies in the direction of the flow along 
the bottom wall as can be seen in Fig. 2 at t = 1.00 s. The reason for the variation in fouling pattern 
between the two cases is due to the mechanisms that govern particle transport and deposition. For 
instance, due to the relatively large mass, sandstone particles are subjected to inertial impaction and 
many particles undergo gravitational settling or sedimentation. Consequently, sandstone particles 
exhibit greater deposition rates and more fouling layer being present in the system at the end of the 
simulation. However, sawdust having lower inertia and relaxation times, show negligible deposition 
throughout the entire simulation. Additionally, according to Figs. 2 and 3, at t = 0.50 s, a larger 
number of sawdust particles were observed to be transported across the top half of the 
configuration. This is due to the fact that particle interception is more profound and particles don’t 
settle to the bottom as rapidly as sandstone particles. As a result, the fluid is able to transport more 
particles towards the outlet and finally out of the domain. Interestingly, particle interception is more 
profound in Case SD due to sawdust’s smaller inertia than sandstone. This is due to sawdust having 
a lower inertia than sandstone is unable to overcome fluid shear, consequently the fluid is able to 
transport the majority of sawdust particles out of the configuration.       
 
 
 
  
(a) t = 0.50 s, 
m
 = 86.38 % (b) t = 1.00 s, 
m
 = 77.21 % 
  
Fig. 2 Pressure drop and sandstone velocity profile at t = 0.5 s, 1.00s with inlet velocity of uf = 0.1 
m/s [Case SS] 
 
 
 
 
  
(a) t = 0.50 s, 
m
  = 90.46 % (b) t = 1.00 s, 
m
  = 89.91 % 
  
Fig. 3 Pressure drop and sawdust velocity profiles at t = 0.50 s, t = 1.00 s with inlet velocity of uf = 
0.1 m/s [Case SD] 
 
Both cases show a variation in the original porosity of the configuration as time passes. Case SS at t 
= 1.00 s showing the greatest porosity change from the original porosity of 90.46 % to 77.21 %. 
The surface roughness of the bottom wall is drastically reduced due to the non-uniform layer of 
deposits. Although the difference between the registered minimum and maximum deposition 
fraction is 200 %, the difference between the corresponding pressure drop is only 29 % (Table 2). 
This is because although the fouling layer is profound for Case SS especially at t = 1.00s, the 
particles do not completely clog the channel thus explaining the small increase in pressure drop. 
 
The results for the pressure drop obtained from numerical simulation is validated analytically 
against the Darcy equation denoted in Eq. 5, where LM is the length of the packed bed, K is the 
permeability of the configuration at a given time and is calculated based on the hydraulic radius 
theory of Kozeny Carman denoted in Eq. 6, where  is the Carman Kozeny constant [18].  
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The modified porosity 
m
  and length of packed bed LM at a specified time is calculated with the aid 
of ImageJ software [19].  It is noted that the numerical pressure drop values are in good agreement 
with analytical pressure drop values obtained using Eq. 5 for modified porosities 80.00 % < 
m
 < 
100.00 % (Table 2). However, at modified porosities lower than 80.00 %, the analytical pressure 
results obtained from Eq. 5 overestimates the numerical pressure profiles. Previous studies have 
also shown that Eq.5 or the Darcy-Forchheimer equation overestimates pressure drop values at very 
low Reynolds numbers (O(0.1) <  Re < O(10)) thus exemplifiying the need to modify Eq. 5 [20,21]. 
Therefore, introducing a correction factor of 0.1 to the right hand side of Eq.5 gives good agreement 
with numerical pressure values for modified porosities < 80.00 %.  
Table 2 Summary of results 
Case 
Time 
[s] 
Modified 
Porosity [%] 
Deposition 
Fraction [%] 
Numerical Pressure 
Drop [Pa] 
Analytical Pressure 
Drop [Pa] 
SS 
0.50 86.38 0.20 1.39 1.55 
1.00 77.21 8.70 1.84 2.03 
SD 
0.50 90.46 0.00 1.19 1.10 
1.00 89.91 0.10 1.37 1.26 
Conclusions 
A numerical model was developed in OpenFOAM to study the transient nature of fouling in an 
idealized 2D metal foam heat exchanger based on poly-disperse sandstone and sawdust aerosols. 
Both cases are susceptible to some degree of fouling; however, the deposition and transport 
mechanisms differ due to particle properties. Inertial impaction and gravitational sedimentation is 
observed in both cases. Additionally, sawdust particles show greater degree of particle interception 
than sandstone particles. The numerical results were validated against the analytical Darcy equation 
and are found to be in good agreement with the numerical results for the modified porosity range of 
80% - 100%, whereas a modified Darcy equation aligned closely for modified porosity range < 
80%. In the next step, the authors will study particle deposition in both 3D idealized and real metal 
foam geometries obtained via microCT scans; fouling and its effect on heat transfer will be studied 
using a coupled finite volume method and discrete element method approach. 
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